Background and aims Fine-root functioning is a major driver of plant growth and strongly influences the global carbon cycle. While fine-root over-yielding has been shown in the upper soil layers of mixedspecies forests relative to monospecific stands, the consequences of tree diversity on fine-root growth in very deep soil layers is still unknown. Our study aimed to assess the consequences of mixing Acacia mangium and Eucalyptus grandis trees on soil exploration by roots down to the water table at 17 m depth in a tropical planted forest. Method Fine roots (diameter < 2 mm) were sampled in a randomized block design with three treatments: monospecific stands of Acacia mangium (100A), Eucalyptus grandis (100E), and mixed stands with 50% of each species (50A50E). Root ingrowth bags were installed at 4 depths (from 0.1 m to 6 m) in the three treatments within three different blocks, to study the fine-root production over 2 periods of 3 months. Results Down to 17 m depth, total fine-root biomass was 1127 g m −2 in 50A50E, 780 g m −2 in 100A and 714 g m −2 in 100E. Specific root length and specific root area were 110-150% higher in 50A50E than in 100A for Acacia mangium trees and 34% higher in 50A50E than in 100E for Eucalyptus grandis trees. Ingrowth bags showed that the capacity of fine roots to explore soil patches did not decrease down to a depth of 6 m for the two species.
Introduction
Plantations of fast-growing trees are expanding rapidly to meet the increasing demand for wood products (Keenan et al. 2015) . The area covered by planted forests increased from about 168 million ha in 1990 to 278 million ha in 2015, and a large share of the new forest plantations are at sites with in highly weathered tropical soils (Keenan et al. 2015) . Fast-growing Eucalyptus plantations cover about 20 million hectares throughout the world (Booth 2013 ) with about 5.6 million hectares in Brazil (IBA 2016) . Eucalyptus plantations provide raw material for pulp and paper, charcoal and firewood in Brazil (Battie- Laclau et al. 2014; Gonçalves et al. 2013) . While most of these eucalypt plantations are monospecific, mixed-species stands including nitrogen (N) fixing trees can help to balance the N budget, improve the N status of the eucalypts (Forrester et al. 2006; Paula et al. 2015) and, in some situations, increase the total biomass production (Forrester 2014; Richards et al. 2010) . Multi-purpose plantations can provide key ecosystem services (Paquette and Messier 2010) , and positive relationships between tree diversity and soil fauna, microbial diversity, and soil carbon (C) sequestration are well documented (Blaser et al. 2014; Forrester 2014; Richards et al. 2010) . Acacia mangium Wild is another fast-growing tree species widely planted in South-East Asia for pulpwood. Introduction of Acacia mangium trees into commercial eucalypt plantations has been tested recently in Brazil and Congo Santos et al. 2016; Voigtlaender et al. 2012) . Those studies showed that mixed A. mangium and Eucalyptus stands had higher available mineral N in the soil than monospecific eucalypt stands (Tchichelle et al. 2017; Voigtlaender et al. 2012) and that, in some situations, the total biomass production was higher in mixed stands than monospecific eucalypt stands at the same stocking density Epron et al. 2013; Santos et al. 2016) . While the benefits consequences of a stratified canopy in mixed-species plantations are well documented (Bauhus et al. 2004; Binkley et al. 2013; Le Maire et al. 2013; Williams et al. 2017) , soil partitioning between the roots of different tree species in a mixed stand has not been studied to the same extent.
Roots play a key role in forest ecosystems with their mechanical functions of tree anchorage and their physiological function of capturing and transporting the amounts of water and nutrients needed for plant growth (McCormack and Guo 2014; Pregitzer et al. 2002) . Niche complementary among the fine roots of different species is often cited as one of the major processes that can contribute to increasing biomass production in multi-species stands compared to single-species forests (Lehmann 2003) . Studies dealing with fine-root density in mixed-species forests are scarce and mainly limited to the upper soil layers. Deep roots, commonly defined as roots growing below 1 m, can provide access to water and nutrient pools that shallow roots cannot reach (Kell 2012) . Even though the density of roots is generally low below 1 m depth compared to the topsoil, they are important in reducing nutrient losses by deep drainage ) and improving trees' drought tolerance to drought (Christina et al. 2017; McDowell et al. 2008) . While the effects of environmental changes on the phenology of aboveground plant components are well documented, belowground processes remain poorly understood (Radville et al. 2016) . The lack of information on the influence of interspecific interactions on root exploration at great depth limits our ability to identify the most appropriate sites for multi-species plantations in tropical regions. Fine-root biomass in the 0-2 m soil layers was found to be 30% higher in a mixed-species plantation of E. grandis and A. mangium trees than in monospecific stands at age 5 years in Brazil (Laclau et al. 2013b) . Interaction between the twospecies led to a segregation of the root systems. In mixed stands, A. mangium fine roots were partially excluded from the topsoil in mixture and over-explored the soil layers between the depths of 1 and 2 m relative to monospecific A. mangium stands (da Silva et al. 2009; Laclau et al. 2013b) . However, as far as we are aware, the effects of the inter-specific interaction on fine-root densities at depths >2 m have never been studied. Changes in fine-root traits might be a major adaptation of A. mangium and E. grandis trees to cope with interspecific interactions in mixed stands. Strong modifications of fine-root morphology have been shown in response to competition through an increase in specific root length (SRL, fine-root length divided by fine-root dry mass) and specific root area (SRA, fine-root area divided by fine-root dry mass) to reduce the cost/benefit ratio of resource capture.
Root growth is controlled by endogenous constraints on carbon availability and environmental factors (Freschet et al. 2017; McCormack et al. 2015) . Fineroot production is dependent on soil water content (Canham et al. 2015) and the high plasticity of fine roots enables them to explore resource-rich soil patches has been demonstrated (Hodge 2004) . The capacity of A. mangium and E. grandis roots to explore soil patches might therefore vary depending on the season and the depth in the soil. Although ingrowth bags have been commonly used to estimate fine-root production in forest ecosystems (Brunner et al. 2013) , the root-free soil in the ingrowth bags can be richer in nutrients and water than the surrounding soil (without water and nutrient uptake in the first weeks after installation), which can lead to overestimates of the fine-root production and length in these soil patches relative to the surrounding soil (Bauhus and Messier 1999; Jourdan et al. 2008) .
Our study aimed to assess the consequences of mixing Acacia mangium and Eucalyptus grandis trees on fine-root growth down very deep profiles in highly weathered tropical soils. We hypothesized that the interaction between Acacia mangium and Eucalyptus grandis trees in mixed stands modified root growth relative to monospecific stands, resulting in i) fine-root over-yielding in all the soil layers down to the water table at a depth of 17 m, ii) modification of common fine-root traits (diameter, SRL, SRA) for the two species making it possible to increase the area of soil resource capture per gram of C invested in fine roots, and iii) a higher capacity of the tree roots to explore soil patches in the topsoil than in very deep soil layers reflecting the decrease in fine-root density with depth.
Materials and methods

Study site
The study was carried out at the Itatinga experimental station of University of São Paulo, Brazil (23°02' S., 48°38' W., 860 m a.s.l.). This region has a humid subtropical climate (Cfa according to the Köppen classification) with an average annual rainfall of 1390 mm (mean from 1990 to 2010), a mean relative humidity of 77% and a mean annual temperature of 19°C with a cold and dry season from June to September. The soils are Ferralsols (FAO classification) developed on Cretaceous sandstone with a water table at a depth of 17 m (Pradier et al. 2017) . Sand content was around 85% in the topsoil and 75-80% between 1 m and 15 m depth (Maquere 2008) . Soil pH H2O was approximately 5.5 in the upper 3 m, cation exchange capacity decreased from 18 mmol c kg −1 in the 0-5 cm soil layer to 2 mmol c kg
in the 2-3 m layer, and exchangeable cation contents dropped below a depth of 5 cm. Full details were given in a previous study (Laclau et al. 2013b ).
Experimental layout
The trial was a complete randomized block design with 7 treatments and 4 blocks set up in May 2003 in a site which had been a Eucalyptus grandis plantation from 1998 to 2002 and previously a Eucalyptus saligna Sm. coppice from 1940 to 1998. The experimental layout was described in detail by Laclau et al. (2008) and Le Maire et al. (2013) . There were plots with A. mangium monoculture, E. grandis monoculture and mixed plantations of A. mangium and E. grandis within each block. Each plot was 30 m × 30 m with two buffer rows. The seedlings were planted at a density of 1111 trees ha
(3 m × 3 m spacing). The trees were harvested at age 6 years (in May 2009) and only the harvested boles were removed from the plots. Harvest residues were spread uniformly over each plot and A. mangium and E. grandis seedlings were re-planted in November 2009 in the same planting rows of the same plots, at 50 cm from the stumps of the previous rotation. Our study was carried out 4 years after replanting in 3 treatments within 3 blocks: A. mangium and E. grandis monospecific stands (100A and 100E, respectively) and mixed stands with 50% of each species (50A50E). In the mixed stand, the two species were planted alternately in the row and offset adjacent rows (555 trees ha −1 per species). The Acacia mangium seedlings were inoculated with rhizobia strains selected by EMBRAPA (Agrobiology, Rio de Janeiro) for their N 2 fixation capacities. The same amounts of P, K, Ca, Mg, and micronutrients were applied the first 18 months after planting in all the plots (no N fertilization). Destructive sampling at age 3.3 years showed that mixing the two species did not lead to higher aboveground biomass in 50A50E than the average of the two monocultures. Tree height was about 8 m higher for E. grandis than for A. mangium (Table 1) .
Root sampling
Fine roots (diameter < 2 mm) were sampled down to a depth of 17 m in the three treatments (100A, 100E and 50A50E; Fig. 1 ) within the three blocks. Three replicates of soil samples were collected at mid distance between 4 adjacent trees ( Only the soil mass sampled was measured accurately, the volume of the soil samples extracted using the 'cavadeira' tool could not be measured and was estimated by multiplying the soil dry mass of the samples by the bulk density in each layer (see below). About 15 kg and 30 kg of soil were collected at each sampling position for layers 50 cm and 100 cm thick, respectively. Fresh soil mass was measured in the field (±10 g) and all the fine roots easily visible were collected. The soil was then homogenized and a sub-sample of approximately 0.5 kg in the 0-50 cm soil layer, 1 kg in soil layers 0.5-1.0, 1.0-1.5, 1.5-2.0, 2.0-3.0, 3.0-4.0 m, and 2 kg in soil layers 4.0-5.0 and 5.0-6.0 m was taken to separate short lengths of root and small diameter fine roots in the laboratory. Each sub-sample was weighed in the laboratory and the soil water content was measured (by drying 5 g of soil at 105°C for 72 h). Below a depth of 6 m, soil cores were taken every 1 m depth using a cylindrical auger with an inner diameter of 9 cm and a length of 30 cm. We used the same methodology as Christina et al. (2011) to avoid contamination of the soil samples collected at depth by roots from the upper layers. Only soil blocks from the inner Different uppercase letters indicate significant differences between treatments, and different lowercase letters indicate significant differences between the monospecific stands and the mixed stands for each species (p < 0.05). The methods used to estimate the aboveground biomass are described in Nouvellon et al. (2012) Fig. 1 Layout of the three treatments studied: Acacia mangium and Eucalyptus grandis monospecific stands (100A and 100E, respectively) and a mixed stands with 50% of each species (50A50E). A. mangium trees are represented by grey circles and E. grandis trees by black triangles. Each inner plot (excluding two buffer rows) is delimited by a grey square. Three replicates samples (position indicated by a red cross) of soil cores were collected at mid distance between 4 adjacent trees in each plot down to a depth of 6 m and one sample per plot between the depths of 6 m and 17 m. Only one block is presented. A complete scheme of the trial is presented on Fig. 1 in Le Maire et al. (2013) part of the auger were collected and all fragmented soil pieces likely to come from upper soil layers were systematically discarded. All the soil collected from each layer was put in plastic bag, identified and stored at 4°C until processing (within 2 months after sampling). All the fine roots in the samples were washed free of soil with tap water using sieves (with mesh sizes from 0.50 to 1.19 mm) and all the living roots with a length > 1 cm were separated carefully by hand. Dead roots separated by sight, touch and flotation, if required were discarded. Living roots were selected by various criteria such as living stele, bright color and elasticity. The color of the roots and the ramification pattern were good indications of the species to which they belonged. Reference roots sampled in monospecific stands were used to facilitate the identification of each species for roots collected in the 50A50E treatment. E. grandis fine roots were more branched and were darker than A. mangium fine roots. A sub-sample (10% of the weight of each soil sample) was used to estimate the mass of extremely fine roots (pieces of roots less than 1 cm in length). Extremely fine roots were separated carefully by hand in a white bucket filled with tap water. The mass of short root fragments (less than 1 cm in length) measured in 10% of the soil sample mass was multiplied by 10 to estimate the mass of those root fragments in the whole soil sample. All living fine roots with a length > 1 cm separated from each soil sample were scanned (400 dpi resolution). Nodules were scanned with the fine roots when they were present. Root lengths and areas were estimated in each sample using WinRHIZO Version Pro V.2009c software (Regent Instruments, QC, Canada). Fine roots were dried for 72 h at 65°C and weighed (±0.1 mg) to estimate specific root length (SRL, length of scanned roots divided by their dry mass mass, expressed in m g −1
) and specific root area (SRA, surface area of scanned roots divided by their dry mass, expressed in cm 2 g −1
) in each soil sample. Fine-root mass density in each soil sample was calculated taking account of the soil dry mass used for the separation of the fine roots in the field and in the laboratory. Soil bulk densities measured in a pit down to a depth of 17 m in each treatment were used to convert fine-root mass densities expressed in g of root per kg of soil to g of root per dm 3 of soil in each layer (the same method was used from the soil surface down to a depth of 17 m). Fine-root biomasses were computed in each soil layer multiplying the soil layer volume (dm 3 ) by the mean fine-root density. Total root length and total root area in each soil sample were calculated by multiplying the total root dry mass by SRL and SRA, respectively. Root area index (RAI, surface area of fine roots divided by sampled soil area, expressed in m 2 m −2
) and root length index (RLI, length of scanned roots divided by sampled soil area, expressed in km m −2 ) (Jackson et al. 1997) were calculated for each soil layer in each treatment.
Root ingrowth bags
Fine-root production over two periods of 3 months were studied using cylindrical ingrowth bags constructed from stainless steel with a mesh size of 2 mm, a diameter of 9 cm and a height of 35 cm. The 3-month periods of root regrowth were selected for very fast eucalypt fine root growth, with maximum ingrowth core colonization after 2 months, following a previous study at the same study site (see Fig. 5 in Jourdan et al. (2008) ). Three replicates of root ingrowth bags were installed at 4 depths (soil layers 0.10-0.45 m, 1.00-1.35 m, 3.00-3.35 m and 6.00-6.35 m) in the same plots used to study the fine-root densities (three treatments in three blocks) giving a total of 108 ingrowth bags for each period of 3 months. Holes (diameter 15 cm) were made manually (using the 'cavadeira' tool) to install the mesh bags at each depth (0.45 m, 1.35 m, 3.35 m or 6.35 m). The bags were filled with the soil from the corresponding soil layer, and moistened to field capacity after removing all the roots. The flexibility of the bags allowed a good contact with the surrounding soil. PVC pipes (diameter of 0.15 m, length of 0.1 m, 1 m, 3 m or 6 m depending on the depth of the bag) were placed into the holes above the ingrowth bags to make possible to retrieve of each bag from the surface using a nylon cord attached (Appendix Fig. 7) . A plastic bag (with a nylon cord attached) filled with about 2 kg of soil was placed between the root ingrowth bag and the bottom of the PVC tube to avoid air diffusion from inside the PVC tube to the ingrowth bags that could affect fine-root growth. The top of each PVC tube was hermetically sealed. The mesh size of 2 mm allowed fine-root growth. After a period of 3 months, the bags were carefully retrieved. We set up additional ingrowth cores at the depths of 0.1 m and 1 m in the buffer rows of our experiment to check whether fine-roots were torn out when we pulled up the ingrowth cores 3 months after their installation. Destructive soil sampling close to the ingrowth cores showed that most of the fine roots of the two species were sheared by the stainless-steel mesh when the core was retrieved and the biomass of fine roots not recovered inside the soil core was negligible. Two periods were studied: from July to September 2013 (winter) and October to December 2013 (spring). Just after the bags were retrieve, new bags were inserted at the same place to study the following 3-month period. All the fine roots in the samples were washed free of soil with tap water using sieves and separated carefully by hand. The roots of the two species were distinguished in the 50A50E treatment as described above.
Statistical analyses
Two-way analyses of variance (ANOVAs) were used to assess the effects of treatments (100A, 100E and 50A50E) and blocks on fine-root densities (FRD), specific root length (SRL), specific root area (SRA), fineroot diameter, root length index (RLI) and root area index (RAI) for individual soil layers. Individual root biomass measurements within a given soil layer were considered independent since the sampling positions were located near different trees in each plot. We used linear mixed-effects models to test the effects of soil depth, treatment, and the interaction between depth and treatment (as fixed effect) on FRD, SRL, SRA, fine-root diameter, RLI and RAI for the whole soil profile. Blocks were considered as random effects and residues were modeled by a first-order autoregressive correlation model to account for the correlations between soil depths. A Shapiro-Wilk test was performed on the data before modeling and log-transformation was used when the residuals did not follow a normal distribution. In addition, two-way ANOVAs were carried out for each soil layer to compare the FRD of each tree species (E. grandis or A. mangium) in the mixed stands with 50% of the FRD in the monoculture of the same species in the same block. The effects of treatments and depth on FRD in the ingrowth bags were tested using two-way ANOVAs for each 3-month period studied. Post-hoc differences were analysed using Tukey's post-hoc Honest Significant Difference (HSD) to determine which means differed significantly between treatments. All calculations and analyses were performed using the R software version 3.2.2 (Team R 2013) and the level of significance was 0.05. Linear mixed-effects models used the lmerTest package (Kuznetsova et al. 2015) . For the graphical representations, the mean values and standard errors were calculated from all the replicates (n = 9 down to a depth of 6 m and n = 3 below).
Results
Fine-root over-yielding
Auger sampling down to the root front (maximum depth of root observation) showed that trees in 50A50E, 100A and 100E exhibited a similar pattern of deep rooting. Fine-roots densities dropped sharply from the 0-0.5 m layer to the 0.5-1.0 m layer and decreased gradually down to a depth of 12 m in 100A and down to the water table at a depth of 17 m in 100E and 50A50E (Fig. 2) . Mixing E. grandis and A. mangium led to fine-root overyielding. Fine-root biomass in 50A50E (1127 g m ) and 58% higher than in 100E (714 g m −2
) ( Table 2) . Fine-root densities were 20-100% higher in 50A50E than in 100E and 100A in most of the soil layers and were at least twice as high in 50A50E as in 100A in soil layers 1.5-2 m, 2-3 m, 3-4 m, and at depths >8 m. Low fine-root densities at depths >8 m in 100A were consistent with higher soil water contents in 100A than in 100E and 50A50E (Fig. 2) .
Fine-root distribution of each species in monospecific stands vs mixed stands Intra-and inter-specific interactions strongly influenced the distribution of A. mangium and E. grandis fine roots, irrespective of the soil layer (Table 4 ). The total fine-root biomass of A. mangium trees in 50A50E was 54% of the biomass in 100A, whereas the planting density was only 50% of that in 100A, with the slightly lower exploration of the 0-2 m soil layer than in 100A offset by a higher exploration of very deep soil layers (Fig. 3) . E. grandis fine-root biomass was only 2% lower in 50A50E than in 100E, despite the stocking density being 50% lower (Fig. 3) . E. grandis fine-root biomass in 50A50E was significantly higher than 50% of that in 100E in all layers except 1-2 m and 4-6 m. Even though the fineroot biomass was low between the depths of 9 and 12 m in all the treatments (about 6% of the total fine-root biomass), A. mangium and E. grandis fine-root biomasses at this depth were 2-3 times higher in 50A50E than in the monospecific stands where the stocking density of each species was twice as high (Fig. 3) . While specific root length (SRL) and specific root area (SRA) were significantly higher in 50A50E than in the monospecific stands, the mean fine-root diameter was significantly higher in 100A than in 100E and 50A50E (Tables 2 and 3 ). Down to a depth of 6 m, mean values of SRL were 18.0, 20.5 and 34.9 m g −1 in 100A, 100E and 50A50E, respectively, and the mean values of SRA were 268, 254 and 433 cm 2 g −1 (Table 2) .
Mean fine-root diameter was 0.53 mm in 100A, and 0.47 mm in 100E and 50A50E. Depth had little effect on SRL, SRA and fine-root diameter for either species, irrespective of the treatment (Fig. 4) . Mixing A. mangium and E. grandis trees led to a significant increase in SRL and SRA for the roots of both species (Tables 2, 3 , and 4) while the mean fineroot diameter was significantly lower in mixed stands than in monoculture for A. mangium but not for E. grandis. SRL and SRA of A. mangium roots were 2 Fig. 3 Percentages of fine-root biomass in each soil layer in 50A50E relative to the fine-root biomass in the single-species stands. The dotted line indicates the 50% reference for Acacia mangium roots (open bars with standard errors) and Eucalyptus grandis roots (solid bars with standard errors), if root development was similar to the monoculture, for a 50% tree stocking density for each species. Standard error bars are shown. Asterisks * denotes a significant difference (p < 0.05) between the root biomass of a particular species in 50A50E and 50% of the biomass in the monoculture of the same species Asterisks * denotes a significant difference (p < 0.05) between 50A:50E and the monoculture to 6 times higher in 50A50E than in 100A down to a depth of 2 m while the differences between treatments decreased at depths >2 m (Fig. 4) . The highest difference between the A. mangium root traits in 50A50E and in 100A was in the topsoil. In the top 0.5 m layer, the mean SRL of A. mangium fine roots was 72 m g −1 in 50A50E vs 11 m g −1 in 100A and the mean SRA was 848 cm 2 g −1 in 50A50E vs 187 cm 2 g −1 in 100A. Even though the mean diameter of A. mangium roots was higher in 100A than in 50A50E in all the soil layers down to a depth of 6 m, the differences between treatments were not significant in each individual layer (Figs. 4 and 5 ).
Capacity to explore soil patches Mean fine-root production in the ingrowth bags reached 0.048 ± 0.025 g dm −3 month −1 in 50A50E across the two trimesters and the four depths studied and was 63% higher than the average of 100A and 100E (Fig. 6) . Surprisingly, the effect of soil depth on fine-root production in the ingrowth bags was not significant. Fineroot production in the ingrowth bags increased by 268% in 100A, 42% in 100E and 33% in 50A50E from the first 3-month period (winter, dry season) to the second (spring). Fine-root production was significantly higher in 100E and 50A50E than in 100A. In individual soil layers, fine-root production was not significantly different between 50A50E and 100E, but significantly higher than in 100A at depths 3-3.35 m and 6-6.35 m in winter and at depths 0.1-0.45 m and 1-1.35 m in spring.
The fine-root production of each species in 50A50E and 50% of the production in monospecific stands showed a strong seasonality (Fig. 6) . While the production of A. mangium roots in winter in the ingrowth bags tended to be higher in 50A50E than 50% of that produced in 100A, it was lower in spring. The production of E. grandis roots in the ingrowth bags in winter was slightly higher in 50A50E than 50% of the root biomass produced in 100E in soil layers 1-1.35 m and 6-6.35 m, and 5 times higher in the 3-3.35 m soil layer. In spring, the production of E. grandis roots in the ingrowth bags was 2-3 times higher in 50A50E than 50% of the production in 100E in the upper soil layers (0.1-0.45 m and 1-1.35 m depths) and close to 50% of the root production in 100E in deep soil layers (3-3.35 m and 6-6.35 m depths).
Discussion
Fine-root over-yielding in very deep soil layers
The main purpose of this study was to investigate whether roots explore very deep soil layers more intensively in mixed-species stands than in monospecific The percentage of root mass in each soil layer relative to the total root mass is in parentheses. Different letters indicate significant differences between treatments in each soil layer (p < 0.05) stands. In agreement with our first hypothesis, mixing A. mangium and E. grandis trees led to a strong fine-root over-yielding in all soil layers down to the water table at a depth of 17 m. Although fine-root over-yielding has already been reported in the upper soil layers for mixed stands compared to monospecific stands (Brassard et al. 2013; Laclau et al. 2013b; Lei et al. 2012) , the opposite has also been reported (Bolte and Villanueva 2006) , and other studies have shown similar fine-root biomasses in mixed and monospecific stands (Bauhus et al. 2000; Meinen et al. 2009) . A recent global meta-analysis across forests, grasslands, croplands and pot systems showed that mixed stands had, on average 28% higher fine-root biomass and 45% higher annual production than monocultures (Ma and Chen 2016) . The originality of our results come from the strong fine-root overyielding observed in soil layers at depths >2 m. Competition for water and nutrients with the neighboring trees in mixed stands may force the roots to explore and tap deep soil layers Ma and Chen 2017) . While most of the studies dealing with fineroot distribution in forests have been limited to the upper 2 m of soil, 35%, 45% and 50% of the total fine-root biomass was found below 2 m in 100A, 50A50E and 100E, respectively. The difficulty of sampling deep roots can lead to underestimates of root mass and belowground productivity in tropical plantations and forests Pierret et al. 2016) . Studies quantifying total fine-root biomass down to the root front are scarce for trees growing in very deep tropical soils. Close to our study site (on the same soil type), the proportion of fine roots below 2 m depth was 20-30% of the total fine-root biomass down to the root front in a sweet orange orchard (Adriano et al. 2017 ) and 30-60% of the total fine-root length, depending on tree age, in eucalypt plantations (Laclau et al. 2013a; Pinheiro et al. 2016) . As commonly reported in forest ecosystems, fine-root densities dropped rapidly within the first topsoil layers then decreased gradually with soil depth, which corresponds to the distribution of nutrients in soil profiles (Weemstra et al. 2017) . Interactions between tree species greatly increase the exploration of very deep soil layers in our study, which is likely to enhance the uptake of soil resources. Establishing a deep root system can also help tropical trees withstand the prolonged droughts that are expected to increase in the future (Christina et al. 2017; Solomon et al. 2009 ). A modeling approach in a nearby eucalypt stand of similar productivity showed that very low densities of fine roots at depths >10 m can withdraw substantial amounts of water during dry periods (Christina et al. 2017) . Mixing tree species could therefore enhance the resilience of tropical planted forests to climate changes increasing the access to water and nutrients stored in very deep soil layers. Fine-root over-yielding in 50A50E is also consistent with the higher soil respiration rates relative to 100A and 100E at the end of the previous rotation ). Roots are a major contributor to soil respiration (Gill et al. 2002; Marsden et al. 2008 ) and about 25% of terrestrial net primary production is due to fineroot production and turnover (McCormack et al. 2015) . The total belowground C fluxes from 4 to 6 years after planting in the previous rotation of our experiment represented 24%, 26% and 32% of the gross primary ) b) in the 0-1 m, 1-2 m, 2-4 m, 4-6 m, 6-9 m and 9-17 m soil layers for Acacia mangium monospecific stands (100A), Eucalyptus grandis monospecific stands (100E) and the mixed stands (50A50E). Different upper-case letters indicate significant differences between treatments for the cumulative indices and different lower-case letters indicate significant differences between treatments within each individual soil layer (p < 0.05) production in 100A, 100E and 50A50E, respectively . Large amounts of C are stored at great depths in tropical soils (Batjes 2014 ) and changes in land use increasing the supply of fresh carbon might promote the activity of microbes through a priming effect (Derrien et al. 2014; Fontaine et al. 2007 ). The increase in fine-root biomass, by replacing monospecific stands by mixed-species, may have consequences on soil carbon sequestration in deep soil layers that are poorly understood. Further studies are needed to assess whether an increase in the release of fresh C in very deep soil layers resulting from the combination of tree species ) in ingrowth bags down to a depth of 6.35 m in 100E (filled black bars), 100A (open bars) and 50A50E (filled grey bars) (a) and percentages of fineroot production in 50A50E relative to the production in each soil layer for the single-species stands (b) in winter (dry season; Trimester 1, left) and in spring (Trimester 2, right). Significant differences between treatments in the same soil layer are indicated by different letters (p < 0.05). The dotted lines indicate the 50% reference for Acacia mangium roots (open bars with standard errors) and Eucalyptus grandis roots (solid bars with standard errors) if root development was similar to the monoculture, for a 50% stocking density for each species. Standard error bars are shown (n = 3). Asterisks * denotes a significant difference (P < 0.05) between the root biomass of a particular species in 50A50E and 50% of the biomass at the same positions in the pure stands of the same species. F and P values of linear mixed models for fine-root production (g dm −3 month
) as a function of soil depth and treatment are shown could contribute to mitigating climate change through a sequestration of C or, on the contrary, would promote the mineralization of ancient C and therefore increase CO 2 emissions.
Root strategies in response to intra-and inter-specific interactions
In agreement with our second hypothesis, the interaction mechanisms between E. grandis and A. mangium trees led to large changes in A. mangium fine-root morphology. Previous studies at the same experimental site showed that E. grandis trees dominate the competition with A. mangium trees capturing more light per tree and taking advantage of N fixation (Paula et al. 2015) . The A. mangium leaves are below the canopy of eucalypt trees in mixed stands and fine roots are partially excluded from the upper soil layer (Laclau et al. 2013b; Le Maire et al. 2013) . A. mangium trees adopt an intensification strategy (Bonifas and Lindquist 2009; Lei et al. 2012; Ostonen et al. 2007 ) in competition with eucalypts, making it possible to increase the capacity to take up soil resources for a relatively low investment in belowground biomass. SRL and SRA of A. mangium fine roots in mixed stands were 2-3 times higher than in monoculture, which, in combination with a large increase in FRD, led to a much higher root length index and root area index. While some studies in forest ecosystems also showed higher SRL and SRA in mixed stands than in monospecific stands, making it possible to reduce the cost/benefit ratio for resource capture (Beyer et al. 2013; Lei et al. 2012; Sun et al. 2017; Weemstra et al. 2016) , those root traits were similar in mixed-species plantations and monocultures of A. mearnsii and E. globulus in Australia (Bauhus et al. 2000) . In our study, A. mangium faced competition with E. grandis by altering the root absorption capacity, much more through morphological adaptations than changing the fine-root biomass of each A. mangium tree.
C starvation affecting the fine root architecture of A. mangium trees dominated by eucalypts as well as changes in mycorrhizal status seem to be potential factors. A recent study carried out in the same experiment showed large changes in the microbiological and chemical attributes of soil between the 100A and 50A50E treatments (Bini et al. 2013) , which suggests that changes in mycorrhizal status might be contribute to explaining the effect of eucalypts on the SRL and SRA of A. mangium roots. However, the mycorrhizal status was not directly measured and we can only speculate about this effect. Differences in nodulation might contribute to explaining this pattern. Indeed, nodule density was much higher in monospecific A. mangium stands than in mixed A. mangium and E. grandis stands in the previous rotation at this site . However, nodules were mainly observed in the 0-50 cm soil layer and their density was low in the scanned roots.
Our results confirm the fine-root segregation between the two species in the mixed stand observed for the previous rotation at this site (da Silva et al. 2009; Laclau et al. 2013b) , with a partial exclusion of A. mangium roots from the resource-rich upper soil layers in mixed stands and a higher exploration of deep soil layers. However, the methodology was less intensive than in the previous studies of this effect (only one distance to the trees was sampled here and the 0-50 cm soil layer was not divided in several layers).
Eucalyptus grandis trees respond to competition with A. mangium trees through both an extensification strategy, leading to a sharp increase in fine-root biomass relative to monospecific stands, and an intensification strategy, increasing the volume of capture of soil resources relative to the fine-root biomass. However, the changes in SRL, SRA and fine-root diameter were non-significant in most of the soil layers, which suggests that the contribution of the intensification strategy was low. SRL and SRA values in our study are in the range reported down to a depth of 12 m for four Eucalyptus genotypes in nearby plantations (Pinheiro et al. 2016 ). The total biomass of E. grandis fine roots was similar in 50A50E and in 100E despite a stocking density of eucalypt trees twice as high in 100E, which shows a remarkable plasticity of eucalypt trees to explore a huge soil volume, as already shown in Laclau et al. (2013b) . In boreal forests, a comparison of fine-root production in mixed and single-species stands showed that fine-root production was correlated with nitrogen concentrations in the soil layers, and suggested that an enhancement of N availability in the mixed stands contributed to increasing fine-root production (Ma and Chen 2017) . We, therefore, speculate that facilitation mechanisms for E. grandis trees planted with A. mangium resulting from an increase in soil N availability (Tchichelle et al. 2017; Voigtlaender et al. 2012) , could be involved in the extensification strategy leading to an increase in soil exploration by E. grandis fine roots. Such pattern might be pronounced in the superficial soil layers where eucalypt trees benefit from a rapid belowground N transfer from A. mangium trees (Paula et al. 2015) .
While many studies show that SRL, SRA and fineroot diameter can change depending on soil depth (Bakker et al. 2009; Makita et al. 2011; Maurice et al. 2010; Prieto et al. 2015) , we did not observe clear patterns down the soil profile for either species. The same type of study carried out down to the root front in other eucalypt and orange plantations in Brazil also showed a high variability of SRL, SRA and fine-root diameter between soil layers but without a clear correlation with the depth (Adriano et al. 2017; Pinheiro et al. 2016) . A study carried out in 20 plant communities sampled in tropical, Mediterranean and montane regions showed that some fine-root traits were significantly different between shallow and deep soil layers, but absolute differences were small for most of the traits measured . Our results suggest that E. grandis and A. mangium fine roots in mixed stands reflect an acquisitive resource strategy (Freschet et al. 2017; McCormack et al. 2015) . Further studies in eucalypt and acacia plantations should examine other important root traits (in particular tissue density, concentrations of nutrients, cellulose, lignin and carbohydrate) to gain insight into the cost to the trees of investing in fineroot production in very deep soil layers.
Fine-root production E v e n t h o u g h t h e f i n e -r o o t p r o d uc t i on o f A. mangium and E. grandis trees exhibited a strong seasonal variability, the decrease in fine-root density with soil depth did not modify the production of fine roots in the ingrowth bags down to a depth of 6 m. This pattern is contrary to our third hypothesis and shows a huge capacity of very deep roots to explore resource-rich soil patches despite their low density in the soil. The production of fine roots in the ingrowth bags was however much higher for E. grandis trees than for A. mangium trees, which is consistent with the faster growth rates of E. grandis trees shown both aboveground and belowground (da Silva et al. 2009; Nouvellon et al. 2012) . Fine-root production in the ingrowth bags confirmed the strong over-yielding in mixed-species stands relative to the monocultures suggested by the fine-root densities. However, fine roots sampled in ingrowth bags can be different from fine roots sampled in undisturbed soil and productions estimated from ingrowth bags should be interpreted with caution (Bauhus and Messier 1999; Jourdan et al. 2008) . Nevertheless, the same ingrowth bags were installed at all the depths in all the treatments, making it possible to compare the capacity of fine roots to explore soil patches.
The production of A. mangium fine roots in the ingrowth bags was much more affected by the season (winter vs spring) in the topsoil than in deep soil layers, as reported for phreatophytic species (Canham et al. 2012 ). E. grandis trees are better adapted to the cold climate in winter at our study site than A. mangium trees, which could account for the higher fine-root production in the topsoil in E. grandis monoculture and mixed-species stands than in A. mangium monoculture. A strong influence of exogenous factors such as soil temperature and water content (Canham et al. 2015) , as well as endogenous factors such as photosynthate availability, on fine-root phenology is well documented (McCormack et al. 2015) .
In conclusion, our study shows that mixing species can lead to a strong fine-root over-yielding in very deep soil layers. We demonstrate that E. grandis and A. mangium trees growing in mixed stands can explore more intensively deep soil layers than their respective monospecific stands. Studies dealing with deep rooting are needed for other tree species, soils and climates to assess whether increasing the diversity in tropical planted forests could increase their resilience to climate change by providing access to more soil resources than monospecific stands. A better comprehension of the effects of fine-root growth and turnover in very deep soil layers on soil carbon stocks is also needed to better assess the long-term consequences of afforestation with fast-growing tree species on the global carbon cycle.
